Blakiella bartsiifolia (S.F. Blake), an endemic and rare high altitude plant of the northern Andes, appears well adapted to the prevailing harsh environment owing in part to a thick glandular trichome cover. From foliar exudates, two new clerodanes, 15,16-epoxy-2-hydroxy-3,13(16),14-clerodatrien-20-oic acid (bartsiifolic acid) (2) and Z-15,16-dihydroxy-3,13-clerodien-20-oic acid (barthydrolic acid) (3), were isolated in addition to the known junceic acid (1). In addition, three new alicyclic furanoditerpenes: 1,20-epoxy-1,3(20),6(E),10(E),14-phytapentaen-18-methyl-19-oic acid (blakielic acid) (4), 1,20-epoxy-1,3(20),10(E),14-phytapentaen-18-methyl-19-oic acid (blakifolic acid) (5) and 1,20-epoxy-1,3(20),6,14-phytatetraen-19-methyl-18-oic acid (dihydrocentipedic acid) (6) were obtained in minor quantity. Seed germination and plantlet growth bioassays on Allium cepa and Lactuca sativa to monitor bioactivity during isolation procedures revealed compounds 1-3 with substantial inhibition comparable with synthetic linuron.
Blakiella bartsiifolia (S.F. Blake) Cuatrec. (Asteraceae, Astereae) is an endemic, uncommon and small sized plant (15 -25 cm) of the páramo and hiperpáramo (3000 -4400 m asl) in the northern Andes of Colombia and Venezuela [1] [2] [3] . A variety of architectural adaptive traits conferring resistance to extreme abiotic stress in these high elevation environments are observed in many species of this highly specialized plant community. B. bartsiifolia, in particular, exhibits also a deeply grooved and ridged foliar epidermis of its soft leaves and a dense glandular trichome cover. At 40X magnification a droplet of a colorless and sticky liquid can be seen at the tip of most trichomes. In addition to possible protection against herbivorous páramo insects we recently showed that B. bartsiifolia trichome exudates and cuticular compounds may be an adaptive trait as a screen against sun UV radiation, typical of high elevations, on account of its high UV A/B optical density [4] . A high content of flavones in leaf exudates, chrysosplenetin, and gossypetin 3,8,3´-trimethyl ether, which absorb strongly in this spectral range brought support to this hypothesis.
Although the phytochemistry of selected páramo and hyperpáramo plant species, particularly in the Espeletinae subtribe of the Compositae family, has been explored in the past [e.g. [5] [6] [7] [8] [9] [10] [11] , little is known about the role of their phytochemicals for plant survival in the resource-poor and highly stressed environment. Regarding trichome exudates function, avoidance of self-toxicity has been postulated [12] since these compounds are exposed to the leaf exterior not affecting parenchymal cells or reproductive organs. Hence, one might expect greater phytotoxicity from these exudates than from vacuolar, cell membrane and cytosol compounds. Indeed we have been able to observe a remarkable impact on seed germination, root and shoot growth inhibition from trichome exudates of Minthostachys mollis Griseb. (Lamiaceae), another member of the Andean high elevation plant community, as a result of monoterpenes in the vapor phase [13] . Pulegone (86% of essential oil) is accountable for this effect. Thus, exudates and cuticular compounds appear to operate in part as adaptive compounds in intra-plant competition.
In view of the elevated content of trichome exudates in B. bartsiifolia (up to 9% w/dw) [4] and high allelopathic effect of whole trichome extracts [14] we furthered phytochemical studies to test the following hypothesis: biochemical investment in the biosynthesis of such a large amount of exudates is an adaptive trait which includes phytotoxicity against other plant species in highly constrained growth conditions.
Compounds in exudates:
Bioassay-guided separation of foliar exudates led to active fractions in the middle polarity section. It was from these fractions that five hitherto unreported diterpenes out of six compounds were obtained. These belonged to two disparate families: clerodanes (2 and 3) and aliphatic C 3 -substituted furan carboxylic acids (4 -6). Compound 1 was also isolated and identified as the known junceic acid [15, 16] , and its allylic coupling with methyl C-18 protons. This long distance coupling explains the band broadening of this signal and the low field shift (1.60 ppm). Heteronuclear correlations of the HMBC spectrum confirmed correlations of carbon C-3 to protons on C-18, and H-1 (1.94 ppm). Finally, the HSQC spectrum allowed the unequivocal assignment of signals at 1.76 and 1.94 ppm to H-1and H-1on C-1 (20.3 ppm); and the signal at 2.34 ppm to C-12 methylene (17.9 ppm). In addition, the HMBC spectrum reveals two and three-bond distance correlations of C-13 (124.7 ppm) with H-11 and H-12, respectively.
Because of differences between optical rotation values for compound 1 here observed and those reported by Henderson et al. [17] , the relative stereochemistry of some chiral carbons of this product was examined further in a NOESY experiment: 1,3-diaxial NOE correlations were recorded between protons on C-19 methyl with axial hydrogens H-1 and H-7, in addition to correlations between H-10(axial) with H-6 (axial) and H-11, thus confirming configurations 5R and 10S for the levorotatory stereoisomer. The downfield shift of H-7(axial) results from the C-9 axial carboxyl group deshielding. In addition to this, the R configuration of C-8 and C-9 was also confirmed by the coupling constants of the qd signal of H-7 J=13.1 Hz (J 7ax-7ec , J 7ax,6ax , J 7ax,8ax ) and 3.4 Hz (J 7ax,6ec ) ( Figure 2 ). Finally, proton and carbon signals of C-15 and C-16 in the furan ring could be corrected (Tables 1 and 2) relative to those reported earlier by Asakawa et al. [15] and Heluani et al. [16] .
Bartsiifolic acid (2), a slightly yellowish oil, was assigned a C 20 H 28 O 4 molecular formula on the basis of the molecular ion peak [M-1] -1 at m/z 331.1907 in the HRFIAMS. Its spectral data (Tables  1 and 2) show it to be a 2-hydroxy-junceic acid derivative in agreement with the 65.4 ppm signal corresponding to C-2.
Correlations in HSQC and COSY confirmed this assignment. The H-2methyne appears at 4.18 ppm in the 1 H NMR spectrum. Its vicinal coupling with H-3 at 5.40 ppm (J = 4.8 Hz) and H-1and H-1 (1.95 and 2.04 ppm) is clearly discernible. Comparison of the 13 C NMR data of 2 and 1 reveals an upfield shift of C-1 (+9.8 ppm) and C-3 (+ 1.7 ppm) and C-4 (+ 5.9 ppm), whereas a downfield shift of C-10 (-5.8 ppm) was also observed. These effects could be attributed to the C-2 hydroxy group in the beta-orientation confronting C-3 and C-10 in a cisoid conformation [18] (Figure 3 ).
Barthydrolic acid (3), was obtained as a white solid, and its molecular formula was assigned as C 20 Hitherto unknown -substituted furano-alicyclic diterpenes, blakielic acid (4), blakifolic acid (5) and 10,11-dihydro centipedic acid (6) were isolated from the phytotoxic fraction as minor components. The 1 H NMR spectra of these compounds shared a number of common features and a few distinct signals that were fully assigned. The most relevant were the downfield frequencies at 7.33 (1H, br s), 7.20 (1H, br s), and 6.27 (1H, br s) ppm, suggestive of a 3-substituted furan end and two olefinic proton signals of compounds 5 and 6, whereas there were three such protons in compound 4. For compounds 4 and 5, the HSQC experiment allowed the assignment of the corresponding carbon signals (Table  3 ). COSY and HMBC correlations confirmed the proposed structures.
For blakiellic acid (4), the molecular ion peak [M-1] -1 at m/z 315.1960 in the HRFIAMS led to C 20 H 28 O 3 as the molecular formula. The 1 H NMR and 13 C NMR resonances were similar to those of E,Z-incanic acid (7), a diterpene isolated from Conyza incana [19] , except for an additional methyl signal in 4 that was assigned to C-18 where the carboxylic acid of 7 resides. Indeed, to this methyl group were attributed the 1 H NMR signal at 1.57 ppm from the 1 H-1 H COSY correlation with H-10 (5.13 ppm) and H-9 (2.09 ppm). Conductive to the same conclusion was the HMBC heteronuclear correlation of H-18 with C-10 (123.3 ppm) and C-12 (39.7). Similarly, correlations between H-10 and H-12 (1.95 ppm) and H-9 were recorded in the COSY study. The chemical shift of H-6 (6.91 ppm) clearly indicated an E configuration of the C-6/7 double bond. This was further confirmed by the calculated chemical shift for H-6 (6.19 ppm) of the Z stereoisomer versus 6.83 ppm for the E stereoisomer [20] . Related compounds having a similar E double bond behaved equally [19, 21, 22] . Steric compression from C-5 was held responsible for the relative shielding of C-8 at 26.8 ppm. By the same token, the C-10/11 double bond appeared to experience a similar steric compression effect, so the E configuration was equally assigned. This was visible in the 27.4 ppm signal of C-9 in comparison with uncompressed C-12 at 39.7 ppm. Similar chemical shift values have been recorded for centipedic acid (8), a diterpene isolated from Centipeda orbicularis and Gutierrezia espinosae [22, 23] . Thus, compound 4 was determined as 1,20-epoxy-1,3(20),6(E),10(E),14-phytapentaen-18methyl-19-oic acid.
A C 20 H 30 O 3 molecular formula for blakifolic acid (5) was determined from the molecular ion peak [M-1] -1 at m/z 317.2124 in the HRFIAMS. The 1 H NMR and 13 C NMR data were similar to 4 ( Table 3 ) with the exception of the absence of the 6.91 ppm signal in the former spectrum, as well as carbon frequencies at 132.8 and 144.1 ppm, which suggested a C-6/C-7 dihydro derivative of compound 4. This circumstance created a chiral C-7 carbon. Unfortunately, its absolute configuration could not be elucidated due to the small amount of compound available (0.03%) and the scarcity of endemic B. bartsiifolia in the field. Compound 5 was assigned as 1, 20-epoxy-1,3(20),10(E),14-phytapentaen-18-methyl-19-oic acid.
As regards to compound 6, its structure was worked out from its molecular formula (C 20 H 30 O 3 ), which was obtained from the molecular ion peak [M-1] -1 at m/z 317.2117 in the HRFIAMS, and NMR studies. The 1 H NMR spectrum of 6 resembled that of centipedic acid (8) [23] (Table 3 ) except for one missing double bond. The proton frequency at 2.37 ppm was attributed to the deshielding effect of a neighboring group, COOH in all likelihood, and was therefore assigned to H-11. A similar response was observed for H-7 (2.41 ppm) in compound 5. The 1 H-1 H COSY correlations between adjacent protons in the entire C-8 to C-17 chain clarified the frequency assignments of the aliphatic chain. As with compounds 4 and 5, the small quantity of pure compound 6 (0.02%) and plant material scarcity hampered determining the absolute configuration of chiral C-11. The structure of compound 6 was thus elucidated as 1,20-epoxy-1,3(20),6,14-phytatetraen-19methyl-18-oic acid (dihydrocentipedic acid).
Plant growth inhibitory activity of compounds 1 -3:
All major components isolated from the leaf exudates of B. bartsiifolia exhibited phytotoxicity in the two seed models tested, in a concentration dependent manner (Figure 4 ).
Not only was seed germination reduced to a moderate extent but seedling root and shoot elongation was hindered more significantly. Furan derivatives 2 and 3 restrained seed germination at low concentration (< 77.5 ppm, 1 was innocuous) with concomitant mild enhancement of root and shoot growth, particularly for furan 2.
Plausibly, these compounds operate as carbon sources for seed growth before reaching the phytotoxic level. However, it was the reduced form of the furan moiety in the C-9 appendage in compound 3 that elicited the greatest growth inhibition at the micromolar level (Table 4 ) in both seed species. This effect was in actual fact comparable with that of Linuron®, an herbicide designed to inhibit early weed development.
A relatively simple set of rules have been developed to help assess the bioavailability of agrochemicals on the basis of key molecular structure descriptors and lipophilicity [24] . This idea was a development of the Lipinsky 'rule of five' used in drug design [25] .
In short: most bioactive compounds in plants and animals have low molecular weight (≤ 500 D), moderate octanol-water partition coefficient (log P ≤ 5) and low water solubility (log S ≥ -4), as well as a limited number of O and N hydrogen donors or H-binding sites. These rules have been applied successfully to selected herbicides [26] . Estimation of the above parameters in compounds 1 -3 and Linuron® collected in Table 5 gives comparable values for log P and number of proton acceptor sites, all falling well within the range suggested by Tice et al. [24] . Compound 3, the most phytotoxic of all, befits the above rule on account of the larger number of H donor sites and water solubility.
While phytotoxicity cannot be justified on these parameters alone, the greater water solubility of 3 should facilitate its transfer from B. bartsiifolia leaf surface to soil through rain droplets or dew that effectively condenses on trichomes. Water droplets drain down to [24, 27] the ground carrying water-soluble secondary metabolites of trichomes and leaf cuticle.
Most plant species of the rocky patches in the hyperpáramo grow in crevices, rock cracks and small young soil pockets that support only a very limited number of individuals. Predictably, intra-plant competition is strong once the crevice or pocket is occupied.
Allelopathic effects are thus expected to play an important part. That the two high elevation plant species studied by us, Minthostachys mollis and B. bartsiifolia, produce foliar surface constituents with marked phytotoxic effects brings support to this tenet, and hence to our working hypothesis enunciated above. Whether compound 3 alone or with synergy from 1 and 2 operate as true adaptive xenobiotics against competing hyperpáramo plant species awaits further development. 
Extraction and isolation of compounds:
Optimal conditions for foliar exudates extraction were developed according to the method of Calcagno et al. [4] . Briefly, fresh flowerless aerial parts were sonicated first in water (10 mL/g fresh weight, 3 times for 20 min) and, after air drying for 3d, were further sonicated briefly (3 times for 20 s) to dissolve the exudate. Optical microscope monitoring (40 X) showed trichomes completely vacated from tip droplets. From 500 g dw of plant material, 30.12 g of material was extracted (6.0% relative to dry weight). After desiccation (anhyd. Na 2 SO 4 ) and solvent evaporation, the yellowish oily residue was vacuumchromatographed through silica gel (180 g) and eluted with a nhexane-dichloromethane-ethyl acetate-methanol gradient into 17 fractions. Fraction 5 (1.27 g) was flash-chromatographed on silica gel (63 g) using a similar gradient. Purification by preparative TLC of sub-fractions provided compounds 1 (40 mg, 0.13%), 4 (29 mg, 0.09%) and 6 (1.5 mg, 0.005%). Fraction 8 (1.42 g) was flashchromatographed again on silica gel (40 g) using a n-hexane-ethyl acetate gradient. Purification by TLC of sub-fractions provided compounds 2 (40 mg, 0.13%) and 5 (9 mg, 0.03%). Compound 3 (45 mg, 0.15%) was obtained from fractions 13 and 14 (0.355 g) as a white solid and purified by recrystallization in dichloromethane. Table 1 . 
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